Mucolipidosis type IV (MLIV) is an autosomal recessive neurogenetic disorder characterized by developmental abnormalities of the brain and impaired neurological, ophthalmologic and gastric function. Large vacuoles accumulate in various types of cells in MLIV patients. However, the pathophysiology of the disease at the cellular level is still unknown. MLIV is caused by mutations in a recently described gene, MCOLN1, encoding mucolipin-1 (ML1), a 65 kDa protein whose function is also unknown. ML1 shows sequence homology and topological similarities with polycystin-2 and other transient receptor potential (Trp) channels. In this study, we assessed both, whether ML1 has ion channel properties, and whether disease-causing mutations in MCOLN1 have functional differences with the wild-type (WT) protein. ML1 channel function was assessed from endosomal vesicles of null (MCOLN1 À/À ) and ML1 over-expressing cells, and liposomes containing the in vitro translated protein. Evidence from both preparations indicated that WT ML1 is a multiple subconductance non-selective cation channel whose function is inhibited by a reduction of pH. The V446L and DF408 MLIV causing mutations retain channel function but not the sharp inhibition by lowering pH. Atomic force imaging of ML1 channels indicated that changes in pH modified the aggregation of unitary channels. Mutant-ML1 did not change in size on reduction of pH. The data indicate that ML1 channel activity is regulated by a pH-dependent mechanism that is deficient in some MLIV causing mutations of the gene. The evidence also supports a novel role for cation channels in the acidification and normal endosomal function.
INTRODUCTION
Mucolipidosis type IV (MLIV) is a rare genetic disorder originally described by Berman et al. in 1974 (1) . Clinically diagnosed by psychomotor retardation and altered degree of visual impairment within the first year of life (2) , most MLIV affected individuals are unable to speak and walk. MLIV patients also have abnormalities in white matter (3) , indicative of a developmental brain disorder. Atrophic changes in the cerebellum and the optic nerve are examples of progressive deteriora-tion in MLIV. MLIV patients show abnormal vacuoles, which stain with lysosomal markers (4) . The vacuoles are more prominent in secretory epithelial cells such as corneal epithelial (5) , pancreas acinar (6) and stomach parietal cells (7) . Parietal cells also manifest the only MLIV-specific known biochemical abnormality, achlorhydria, associated with an elevated gastrin secretion (8) .
MLIV is caused by mutations in the recently discovered MCOLN1 gene, encoding a novel protein, mucolipin-1 (ML1) (9, 10) . MCOLN1 mutations have been identified predominantly in Ashkenazi Jewish (AJ), but also non-jewish (NJ) patients (11) . Two founder MCOLN1 mutations were identified comprising 95% of mutant alleles in Ashkenazi MLIV families (9, 10, 12) , in correlation with two haplotypes in the chromosomal region (13) . The most common AJ mutations result in a nullexpression based on the prediction of the defect in MCOLN1 mRNA and northern blots (10) . Other mutations that only cause a minor change in the predicted sequence of ML1 result in a variety of phenotypes. These range from the F408 deletion (DF408), an in-frame amino acid deletion identified in a patient with an unusually mild case of the disease to more severe phenotypes (2) . Two patients have been reported (2) , with an intermediate form of MLIV, based on consecutive amino acid substitutions, namely V446L and L447P, in the expected fifth transmembrane (TM) of the protein (see below). These MLIV causing mutations are expected to have ML1 activity as is reported in the present study. To date, there is no clear functional correlation between the various mutations and the differences in the phenotypic severity of MLIV. This study attempts to correlate different functional aspects of ML1 with MLIV causing mutations.
ML1 is a 580 amino acid long protein ($65 kDa). Comparison of ML1 with known protein motifs and patterns of ProfileScan identified a transient receptor potential (Trp) channel-related region (PS50272, aa 331-521) and an internal Ca 2þ and Na þ channel pore region (aa 496-521). As a Trp-type channel, the topology follows that expected six putative TM domains, and both N-and carboxy terminal ends facing the same side of the membrane (10) . The Trp-similar region spans TM segments 3-6, with a putative pore-forming (P) loop between TMs 5 and 6. ML1 also contains two Pro-rich regions (aa 28-36 and 197-205) , a lipase serine active site domain (aa 104-114). A di-leucine motif (L-L-X-X) motif present at the carboxyterminal end of ML1 may be suggestive of late endosomal/ lysosomal targeting. Strong sequence identity (38%) is observed between ML1 and a putative Drosophila ortholog gene, with nearly perfect conservation of the Trp channel and pore region domains (58% identity). ML1 also has strong topological homology with the polycystin-2 channel (10) . At least one recent report has implicated ML1 expression with cation-selective channel activity (14) . In that study, expression of the full-length MCOL1 cDNA into Xenopus oocytes was associated with the presence of a novel channel with a large conductance and permeability to Na þ , K þ and Ca 2þ . In the present study, we show that ML1 is a pH-dependent cation channel, whose dysfunction is likely associated with the genesis of MLIV.
RESULTS

Cation channel activity of ML1-containing endosomes
Endosomal vesicles containing wild-type (WT) ML1 were reconstituted in a lipid bilayer system to assess for channel activity (Fig. 1 ). Spontaneous cation channel activity was observed in the presence of 150 mM K þ in the cis-side and 15 mM K þ in the trans-side of the reconstitution chamber ( Fig. 1A , n ¼ 24). A 130-150 pS [1 pS ¼ 10 À12 S (Siemens) where 1 S ¼ 1 Ampere/Volt] single channel conductance was observed ( Fig. 1B , n ¼ 3), which was absent in endosomes from MCOLN1 À/À cells (data not shown). Large conductance channels often 'disorganized' into smaller channel levels (Fig. 1C , left), consistent with multi-channel complexes. Sub-conductance states included a frequent 35 pS channel level ( Fig. 1B, n ¼ 8) . Channel activity was also found in endosomes expressing DF408-, but not D362Y-ML1 (Table 1) . While DF408-ML1 produces the mildest known case of the disease, D362Y-ML1 is known for an intermediate disease, known in two cases (2) . The smaller ML1 single channel conductances were obtained by noise (mean versus variance) analysis (15,16) ( Fig. 1C , right n ¼ 5). The data sorted into at least three conductance states, the smaller one of which was 5 pS (only disclosed by mean versus variance analysis). The ML1 multichannel behavior was more clearly observed by channel inhibition elicited by lowering pH cis (Fig. 1D ). A decrease of pH from 7.4 to 6.4 inhibited the mean current by 61.4% (26.6 AE 4.42 versus 10.2 AE 3.19 pA, n ¼ 6, P < 0.01). The pH inhibited endosomal channel activity re-activated upon addition of KOH ( Fig. 1D , n ¼ 4).
Channel activity of in vitro transcribed/translated mucolipin-1
To confirm WT-ML1 cation channel activity, the expression vector containing the entire sequence for the WT-human ML1 was in vitro transcribed and translated, and dialyzed into liposomes. Two mutant ML1, V446L-ML1 and DF408-ML1 were also prepared and compared in size and purity with the WT translated product by SDS-PAGE. WT-ML1 containing liposomes were reconstituted in a lipid bilayer system, in a K þ gradient. Spontaneous, cation-selective single channel currents ( Fig. 2A Fig. 2E ). This was characterized by fitting the p o versus V m data with the Boltzmann equation (17) , which rendered the following parameters, p max ¼ 0.83 AE 0.10 (n ¼ 3), k ¼ 36.2 AE 22, and V m ¼ À29.0 AE 19 mV. The in vitro translated WT-ML1 channel permeated both Na þ and Ca 2þ with frequent bursts of channel inactivation (data not shown). WT-ML1 was inhibited (84%, n ¼ 7) with amiloride (1 mM, Fig. 2F ). Two disease-causing mutants of ML1, V446L and DF408 were also tested for ion channel function. Both ML1 mutants displayed spontaneous cation channel activity ( Fig. 2G ) in asymmetrical K þ , and K þ /Na þ gradients. A single channel conductance of 27.0 AE 1.21 pS (n ¼ 4) was observed for DF408-ML1 ( Fig. 2H , top), and 42.2 pS (n ¼ 1) for V446L-ML1 ( Fig. 2H, top) . Mean versus variance analysis (Fig. 2H , bottom) disclosed smaller single channel conductances of 1.58 AE 0.08 pS (n ¼ 3) and 1.79 AE 0.11 pS (n ¼ 3) for DF408-ML1 and V446L-ML1, respectively. Conductances of 6.03 pS (n ¼ 3) and 5.02 pS (n ¼ 3) for the DF408 and the V446L mutants, respectively, were also obtained by mean versus variance analysis. This is a correlation between the mean and the variance of the currents tracings at a given potential [for theory, see (18) ]. Thus, the small unitary conductance was similar in both WT-and mutant-ML1. In contrast to WT-ML1, V446L ML1 often showed currents at negative potentials ( Fig. 2H , top) and a shift in the Boltzmann response to voltage (data not shown). Mutant-ML1 was also inhibited by amiloride (Fig. 2G , bottom tracing).
Effect of pH on ML1 cation channel activity
To assess a potential molecular mechanism for the genesis of MLIV, and confirm the data with ML1-containing endosomes, the effect of pH on WT-ML1 was determined ( Fig. 3A ). WT-ML1 channel activity was completely blocked after decreasing pH cis (Fig. 3A ). This effect was partially reversible, upon addition of KOH to restore normal pH ( Fig. 3A) . Changes in pH did not modify the small, single-channel conductance of the WT-ML1 channel, as determined by mean versus variance analysis ( Fig. 3B ). WT-ML1 cation channel activity exponentially decreased as a function of decreasing pH cis (Fig. 3C ). At pH 6.0, channel activity was, on average, 82% lower than control currents (pH 7.15). Fitting the experimental data to a Henderson-Hasselbach type of pH equation (19) indicated an apparent pK a of 6.66 ( Fig. 3C ). Reduction of pH cis ($5.0), however, had no significant effect on the mean channel activity of either mutant-ML1 ( Fig. 3D ). Low pH cis reduced DF408 ML1 channel activity by 39% (P < 0.2), while V446L-ML1 currents increased by 110% (P < 0.1). Neither change was statistically different with respect to its own control value (Fig. 3D ). The data are most consistent with a dysfunctional response of the mutant-ML1 channels to low pH.
Atomic force microscopy (AFM) of mucolipin-1 channel clusters ML1 channel activity indicated complexing of single channel clusters. Thus, pH changes may play a role in ML1 channel assembly as postulated for other channel (20) (21) (22) and receptor (23) preparations. To test whether pH modulates channel clustering, WT-and mutant-ML1 ( Fig. 4 ) were flattened onto freshly cleaved mica and scanned by AFM in saline solution, as we have recently reported for another channel (24) . WT-ML1 complexes (Fig. 4A , left) changed in size at low pH ( Fig. 4A , right). The size of the molecular complexes was obtained from horizontal scan lines ( Fig. 4B ). Height versus diameter distributions for complexes at normal and low pH ( Fig. 4C ) indicated a change in diameter ( Fig. 4D ). At least four peaks in diameter were observed at normal pH, which decreased to two at low pH, indicating a change in the diameter of the molecular complex. The height of the ML1 channel complexes also decreased by 28% after low pH (0.89 AE 0.08, n ¼ 40 versus 0.64 AE 0.07, n ¼ 37, respectively, P < 0.01). Thus, spontaneous aggregation of WT-ML1 complexes at normal pH (7.15, Fig. 4E ), decreased at low pH ( Fig. 4E) . A pH change of V446L-ML1 ( Fig. 4E ) and DF408-ML1 ( Fig. 4E ), however, showed lower disassembly. This is in agreement with the contention that lowering pH fails to modify the size of mutated ML1 channel complexes.
DISCUSSION
The data in this report demonstrate that WT-ML1 is a cation channel, whose regulation by pH is missing in two MLIVcausing mutations that retain ML1 channel function. ML1 channel function was assessed in endosomal vesicles of null (MCOLN1 À/À ) and ML1 over-expressing cells. Only the ML1containing endosomes showed cation channel activity, consistent with over-expression of the protein. Channel activity by ML1 was confirmed by reconstitution of the in vitro translated protein. Evidence from both preparations indicated that the WT-ML1 channel conductance is composed of multiple subconductance states of the channel, whose function is inhibited by a reduction of pH. The V446L and DF408 MLIV causing mutations retain channel function of ML1, but not the sharp inhibition by lowering pH. Based on the multiple subconductance states of the single channel currents, the possibility was explored that the channels are multimeric complexes with various degrees of functional activity. Atomic force imaging of WT-ML1 channel complexes indicated that changes in pH modified the state of aggregation of the unitary channels. Whether this correlates functionally with each monomeric unit of the channel complex will require further investigation. Mutant-ML1 channel complexes did not change in size on reduction of pH, which is in agreement with the lack of effect of the mutant channels to low pH. Thus, the data indicate that a dysfunctional ML1 channel activity by a pHdependent mechanism may be deficient in some functional MLIV causing mutations of the gene. However, the major MLIV causing mutations are expected to produce no protein (2), suggesting no contribution of the ML1 channel to cell function in the disease.
Three mucolipin genes have been found in humans, and other vertebrates, and only one in invertebrates, e.g. Drosophila melanogaster (CG8743) and Caenorhabditis elegans (CUP-5) (25, 26) . The role(s) of the gene products is largely unknown to date, but information is mounting on similar roles in endocytic vesicle trafficking. MLIV is a lipid storage disease, where the traffic of late endocytic/lysosomal vesicle transport is impaired (25, (27) (28) (29) . This is consistent with the fact that the absence of Low conductance single channel currents were most frequent, but higher conductance states were also observed for both mutant proteins. Bottom: mean versus variance analysis of V446L (triangles) and DF408 (circles) ML1 unmasked the most common smallest single channel conductance, which was similar for both mutants. Data were obtained at 40 mV. ML1 in MLIV patients results in membrane abnormalities most pronounced in certain secretory epithelial cells (30) . In MLIV patient fibroblasts, high uptake and slow lipid degradation (6), and/or lipid sorting abnormalities (29) have also been reported. Thus, ML1 function may be associated with vesicle trafficking. This would be relevant for proper vesicle trafficking and release during gastric secretion in stomach parietal cells. ML1 may also play a role in lipid containing vesicle trafficking associated to myelin formation and maintenance (31); thus, likely explaining brain abnormalities in MLIV patients (3) . ML1 function may help stabilize membrane protein complexes, which in its absence deteriorate and change recycling through the endosomal system. Loss-of-function mutations of the MCOLN1 gene homolog in the C. elegans (CUP-5), for example, lead to endocytic defects, the formation of large lysosomal vacuoles and increased apoptosis (25, 26) . The recently described mouse mucolipin-3 (ML3) localizes to cytoplasmic compartments of hair cells and stereocilia (32) . ML3 expression may play a critical role in vesicular structures and melanosome transport (33) . Although ML3 function is still unknown, skin pigmentation abnormalities are associated with defects in vesicle function and dysfunctional trafficking of late-stage melanosomes (34) (35) (36) (37) . In mice, ML3 deficiency causes deafness, a phenomenon that has been hypothesized to ML-related Trp-type channel activity (32) . The present study indicates that ML1-containing endosomal membranes display distinct channel activity not observed in the MCOLN1 À/À cells. The ML1 constructs used in our endosomal experiments were labeled with, and recognized by, a FLAG-tagged to the carboxy-terminal end of the protein and anti-FLAG antibodies (see Materials and Methods, Stratagene), respectively. The FLAG-tagging localized mainly in intracellular vesicles, suggesting the presence and likely role of the tagged ML1 in the endosome/lysosome vesicular system. This interpretation, although consistent with the theorized role of ML proteins in cell function, has to be carefully evaluated in experiments where artificially tagged proteins are expressed in cells. Trp channels would appear to localize to the expected membrane domain only when expressed as part of a 'native complex' (38, 39) . Lysosome-containing dense endosomal membranes were used in this study, because this fraction contained the majority of the FLAG-tagged protein. Whether this applies to the endogenous channel will require further experimentation and yet unavailable anti-ML1 antibodies.
The data provide functional support to the idea that ML1 channel indeed is a Trp family member (40, 41) , with which it shares partial homology and membrane topology (10) . In particular, human ML1 shares similarity with polycystin-2, another Trp channel (10) . Trp channels are quintessentially related to Ca 2þ entry steps and capacitative responses (42) in a number of sensory transduction responses (43) (44) (45) . Polycystin-2 has recently been implicated in mechano-transduction in renal epithelial cells (46) . Further, polycystin-2 has been localized to both cell membranes and intracellular compartments, such as the endoplasmic reticulum (38, 47) , where it may help release intracellular Ca 2þ (47) . In our studies, endosomal vesicles containing WT-and DF408 ML1 showed channel activity not seen in either naïve (MCOLN À/À ) cells or cells expressing D362Y ML1. This mutation localizes to TM3 domain in ML1 (2). This region is potentially important in the sensor domain of Trp and voltage gated K þ channels (48) . Interestingly, the ADPKD causing mutation D511V in polycystin-2, which localizes to TM3, was found devoid of channel activity (47) . Thus, when present in vesicular compartments, ML1 may regulate vesicular membrane potential, the process of acidification associated with normal vesicular function, and/or Ca 2þ transport, into intracellular organelles. Cation transport signaling events trigger vesicle trafficking and fusion (49) , and Ca 2þ release-coupled K þ transport across Ca 2þ storage organelles such as the endoplasmic reticulum (49, 50) . To date, little is known about the molecular identity of cation transport electrodiffusional pathways in the endosome/lysosomal pathways. The presence of ML1 in endosomes, combined with its ability to allow non-selective cation movement, and its sensitivity to pH, provide the first indication for a functional mechanism implicated in vesicular regulation. WT-, but not mutant-ML1 was inhibited at low cellular pH. This suggests a pH-sensitive regulatory mechanism for vesicular function, in agreement with previous evidence indicating that MLIV displays abnormal lysosomal pH (27) . A dysregulated (or absent) ML1 channel would likely cause this abnormality. Nevertheless, the absence of pH inhibition by mutant-ML1, may imply higher, instead of lower, channel activity. Thus, further studies will be required to assess whether compensatory mechanisms are at work which indicate the complementary role of yet unknown transport mechanisms in the absence of a functional ML1.
Most intracellular organelles along the endocytic and secretory pathways, as well as lysosomes, have characteristic acidic intravesicular pH suited to their biological function. The establishment of a pH gradient within the endosomes is a central feature of the endocytic trafficking pathway (51) (Fig. 4F ). In this process, V-type ATPases elicit an uphill H þ electrochemical gradient, which is accompanied by Cl À counterion movement by ClC-type channels and the consequent intravesicular acidification (Fig. 4F ). This gradient is maintained and controlled by cation transport by various proteins, including the Na þ , K þ -ATPase and cation-selective channels. Endosomal vesicles and Golgi complexes are permeable to counter ions such as Cl À and K þ , which can also affect vesicular pH by altering the vesicular membrane potential (52, 53) . Cation channel ML1 function as shown in this report, may be considered relevant to vesicular acidification (54, 55) . A feedback mechanism may thus be postulated for ML1 function to help control intravesicular pH (54) ( Fig. 4F ) and intravesicular resting potential. This latter mechanism is a main contributor to the driving force for lowering pH in intracellular vesicles (51, 55, 56) .
In summary, the data in this report provide the first molecular evidence for a dysfunctional ML1 cation channel, as a potential contributor to MLIV disease. The pH regulation of ML1 may be central to its normal function, in particular when the channel is located in vesicular compartments. In this context, the data places new emphasis in the regulatory role of cation-selective channels as a novel control mechanism in vesicular transport. ML1 other locations and role(s) in cell function still await further experimentation.
MATERIALS AND METHODS
Cells lacking and expressing the MCOLN1 gene product MCOLN1 -/fibroblasts were originally obtained from DMNB at NINDS. The WT MCOLN1 gene was transiently expressed in MCOLN1 -/cells from patients either homozygous to the 6.4 kb deletion in MCOLN1 (g.511-6944del) or heterozygous for that mutation and the splice mutation (g.5534A-G; MCOLN1 genomic GenBank accession number AF287270). Cells were grown in EMEM þ 10% fetal bovine serum and transfected with either WT or mutated mucolipin constructs in pSPORT1 plasmid (Life Technologies) using Fugene transfection reagent (Roche Appl. Sci., Indianapolis, IN). Mutations used were c.1209G-T (D362Y), c.1346-1348delCTT (DF408), c.1461G-T (V466L) (MCOLN1 cDNA GenBank accession number AF287269). All constructs contained a carboxyterminus FLAG, consisting of the tagged sequence DYKDDDDK (Stratagene, CA).
Dense membrane preparation
Endosome-containing, dense membrane fractions were prepared by differential centrifugation. Briefly, 72 h after transfection, cells were washed with PBS, harvested by scraping in Tris EDTA pH 7.4 containing Complete Protease Inhibitor mixture (Roche) and spun down. Pellets were homogenized in the same solution, and spun down for 10 min at 1000g, at 4 C. The supernatant was spun for 15 min at 14 000g. The dense membrane-containing pellet was suspended in water and frozen. In this fraction, lysosomes and late endosomes were preferentially obtained, with some mitochondria as confirmed by enzyme markers. Late endosomal and lysosomal enrichment was confirmed by succinic-reductase detection, mitochondria with b-hexosaminidase. Golgi apparatus and nucleus enzymes were also detected. Enrichment of the ML1 constructs in the dense membrane fraction was confirmed by western blot with anti-FLAG mouse monoclonal antibodies (Stratagene, CA). The majority of the protein content in this preparation, which comprised $10% of cellular protein, consisted of late-endosomal/lysosomal material. There was only some Golgi and mitochondrial contamination in this preparation, based on marker analysis, which did not contain nuclei on microscopic examination.
In vitro transcription/translation of Mucolipin-1
In vitro translation of WT-ML1 and two mutants, V446L-ML1 and DF408-ML1, was performed with a Promega kit (Madison, WI, USA) as previously described (57) . Briefly, the cDNAs were subcloned in pSV-SPORT1 expression vector to generate specific constructs. The cDNAs within the vector were in vitro transcribed and translated with the TnT-T7-coupled reticulocyte system (Promega, WI).
Mucolipin-1 proteoliposome preparations
ML1 containing proteoliposomes were prepared with a lipid mixture of phosphatidyl ethanolamine (75%) and phosphatidyl serine (25%) (Avanti Polar Lipids, Birmingham, AL). The phospholipid mixture was sonicated with a solution containing 150 mM NaCl, 0.1 mM EDTA, 20 mM HEPES, pH 7.2 and 25 mM Na þ -cholate. In vitro translated ML1 was added to the Na þ -cholate solution (0.55 mM) and the phospholipid mixture (10 mg/ml). The mixture was dialyzed for three days in 150 mM NaCl, 0.1 mM EDTA, 20 mM HEPES, pH 7.2, with three buffer changes to eliminate residual detergent and obtain the proteoliposomes used in the functional assays. Samples were separated by 4-12% SDS-PAGE and stained with Simply Blue TM Safe Stain (Invitrogen, CA).
Solutions and changes in pH
The lipid bilayer solution was prepared as follows. A buffer solution was prepared with 10 mM MOPS and 10 mM MES, and was adjusted with KOH to reach pH 7.4. This solution had a final K þ concentration of 15 mM at room temperature. The solution also contained 10-15 mM CaCl 2 . To create a KCl chemical gradient, the cis side of the chamber was added KCl to a final concentration of 150 mM. Whenever indicated, the trans compartment was added KCl, NaCl or CaCl 2 to determine the cation permeability ratio (perm-selectivity) in the presence of two different ion salts in either compartment of the reconstitution chamber. Changes in pH were conducted as recently reported (19) by addition of either HCl or KOH to either side of the chamber. Final pH was calibrated with a pH mini-electrode.
Electrical recordings and data analysis
Ion channel reconstitution was conducted as previously described (19, 58) . Briefly, lipid bilayers were formed with a mixture of synthetic phospholipids. The phospholipid composition of the lipid bilayers was 1-palmitoyl-2-oleyl-sn-glycero-3-phosphatydylethanolamine:1-palmitoyl-2-oleyl-sn glycero-3-phosphatydylcholine (7 : 3, v/v, Avanti Polar Lipids, Albaster, AL) in n-decane (Sigma) to final concentrations of 14 and 6 mM, respectively (19, 58) . All phospholipids used were 1-palmitoyl-2-oleoyl-based, the polar head group being choline (POPC) and ethanolamine (POPE). The lipid solution ($20-25 mg/ml) was used to 'paint', with a thin glass rod, the opening (250 mm diameter) of the polystyrene cuvette (CP13-150). The hole separates the two compartments (cis and trans) of the reconstitution chamber (model BCH-13, Warner Instruments Corp.). The cuvette was inserted into a polyvinyl-chloride holder, thus defining two aqueous compartments of volumes 800 and 1600 ml, respectively, and separated by a planar lipid film. Both sides of the lipid bilayer were bathed with a MOPS/MES-KOH buffered solution as described below. Experiments were initiated by bathing the trans side of the bilayer with this solution after further addition of KCl to the cis side of the chamber to generate a trans-bilayer osmotic gradient that promotes vesicleplanar bilayer membrane fusion. Holding potentials (V h ) were applied, and electrical signals were recorded using a patchclamp amplifier as previously reported (19, 58) . The patchclamp amplifier contained a 10 Gohm head-stage for lipid bilayers (PC-510A Warner Instrument Corp., Hamden, CT). Output (voltage) signals were low-pass filtered at 1 kHz (À3 dB) with an eight pole Bessel type filter (Frequency Devices, Haverhill, MA). Whenever indicated, electrical recordings from single channel activity (current tracings) were further filtered (see Results) for display purposes only. PClamp 5.5.1 (Axon Instruments, Foster City, CA) was used for data analysis and Sigmaplot Version 2.0 (Jandel Scientific, Corte Madera, CA) for statistical analysis and graphics. Single channel conductances were calculated from best-fitted currentto-voltage data with the Goldman-Hodgkin-Katz (GHK) equation as reported (19, 58) . Open probability ( p o ) was obtained from exponential fitting of dwell-time histograms, and fitted to a Boltzmann equation (19, 58) . Statistical significance, accepted at P < 0.05, was obtained by paired 't' test. Data were expressed as the mean AE SEM. 'n' represents the number of experiments analyzed. Mean versus variance (noise) analysis was conducted as previously reported (15, 16) .
Atomic force microscopy
ML1 protein complexes were imaged with a Model 3000 atomic force microscope (AFM) attached to a Nanoscope IIIa controller (Digital Intr., St Barbara, CA) as recently reported for another channel protein (24) . Samples were scanned with oxide-sharpened silicon-nitride tips (DNP-S, Digital Instr.). In vitro translated ML1-containing proteoliposomes used for the lipid-bilayer reconstitution studies were used for AFM imaging studies. Proteoliposomes were flattened in saline solution, containing 0.2 mM CaCl 2 , 0.2 mM MgATP, 0.2 mM b-mercaptoethanol and 2 mM Tris-HCl, pH 7.15-7.25, onto freshly cleaved mica disks. Samples were incubated for either $30 min at 37 C or 15 min at room temperature, with similar results. Small volumes ($2 ml) of HCl (1 N) were added to change pH.
